Abstract. An extensive set of energy levels, inverse radiative rates, wave-function composition in LSJ and JJ coupling schemes for the lowest 162 fine structure levels along with transition wavelengths, oscillator strengths, line strengths and transition probabilities for electric dipole (E1), magnetic dipole (M1), electric quadrupole (E2) and magnetic quadrupole (M2) EUV and SXR transitions from the ground state have been presented for Ba XLVI. For these calculations, the fully relativistic Multiconfiguration Dirac-Fock (MCDF) approach is employed. The QED corrections due to vacuum polarization and self-energy effects and Breit correction due to the exchange of virtual photons between two electrons are fully considered. To assess the authenticity and credibility of presented results, analogous calculations have also been performed by using a fully relativistic configuration interaction program (Flexible Atomic Code) based on self-consistent Dirac-Fock-Slater iteration method. Extreme Ultraviolet (EUV) and Soft X-ray (SXR) transitions are also identified. Comparison is also made with the available experimental and theoretical data. These accurate data are expected to be useful in fusion research and astrophysical investigations and applications.
Introduction
During the past few decades, a continuous development in the field of atomic physics that had direct impact on other fields of research such as astrophysics, plasma physics, controlled thermonuclear fusion, laser physics, and condensed matter physics has been witnessed. Atomic data, such as wavelengths and line identifications, are necessary for many applications, especially in plasma diagnostics and for interpreting the spectra of distant astrophysical objects.
Nowadays, investigation on the various properties of highly charged ions has received much attention due to their concernment in many research fields such as astrophysics, inertial confinement fusion (ICF), magnetic confinement fusion, laser-matter interaction, and x-ray lasers. The maximum number of lines emitted from high Z ions lies within the region of EUV (50-1200) Å and SXR (1-50) Å. The ultraviolet (UV) through EUV and soft-x-ray emission lines from multiply charged ions are particularly useful as they provide detailed knowledge of the coronal atmosphere. Substantially every observation in astronomy which involves spectra requires some aspect of atomic data for its interpretation and hence spectroscopy has become an indispensable tool to study basic plasma properties of hot astrophysical plasmas. In particular, the studies of stellar and solar coronae have intensified as a result of quality data acquisitions by the Extreme-Ultraviolet (EUV) Explorer satellite, Chandra X-ray observatory, and the Solar Heliospheric Observatory (SOHO) that recorded magnificent coronal spectra [1, 2] . Na-like ions are of considerable interest for the study and modelling of high-temperature astrophysical and laboratory plasmas, e.g. [3] [4] [5] [6] [7] because the adjacent neon-like stage of ionization is being used in research to develop x-ray lasers [8] . Sodium-like ions, with ground configuration 1s 2 2s 2 2p 6 3s, have one electron outside closed shells. Thus due to their simple structure, atomic properties of sodium like ions can be calculated ab initio to high precision. The energy levels are practically free from effects of configuration mixing and therefore they are well suited for a theoretical interpretation of line intensities and for diagnostic purposes [9] .
Many investigations have been carried out for the sodium like ions in the last few decades both experimentally and theoretically. Ivanov et al. [13] have calculated atomic ion energies for Na-like ions by the Model Potential method. Theodosiou et al. [14] have made calculations of lifetimes in the Na sequence by using a realistic model potential. Seely et al. [15] have reported QED contributions to the 3s-3p transitions in highly charged Na-like ions by using Grant's program. Kim et al. [16] have calculated resonance transition energies of Li, Na and Cu-like ions by relativistic many-body perturbation method. Seely et al. [17] have used Nova laser and Grant's multiconfiguration Dirac-Fock program for calculating wavelengths and energy levels for the Na I isoelectronic sequence Y 28+ through U 81+ . Baik et al. [18] have presented electric dipole, electric quadrupole, and magnetic dipole transition probabilities among states with principal quantum numbers n = 3 and 4 using Dirac-Fock single-configuration wave functions for Na-like ions in the range 56 ≤ Z ≤ 92. Johnson et al. [19] have used third-order many-body perturbation theory to obtain E1 transition amplitudes for ions of the lithium and sodium isoelectronic sequences. Sapirstein et al. [20] have performed vacuum polarization calculations for hydrogenlike and alkali-metal-like ions. Further, Jiang et al. [21] have calculated resonance electronimpact excitation and polarization of the magnetic quadrupole line of neon like Ba 46+ ions.
Moreover, Sansonetti et al. [22] have compiled energy levels with designations and uncertainties for the spectra of barium Z = 56 ions from Ba III to Ba LVI. Gillaspy et al. [23] have used electron beam ion trap (EBIT) and relativistic many-body perturbation theory to measure the D1 and D2 transitions in Na-like ions. Recently, Christopher J. Fontes et al. [24] have calculated relativistic distorted-wave collision strengths for all possible ∆n = 0 transitions in the Li, F and Na-like ions with Z in the range 26 ≤ Z ≤ 92 by using improved "top-up" method.
Barium atomic spectra have been among the first ones investigated in nearly every Electron Beam Ion Trap (EBIT) because it is used as a dopant in the electron gun cathode; as a result, its spectral lines are present along with the spectra of injected elements [10] . Spectra of Ba in the visible region have also been reported from the Livermore EBIT [11, 12] . On many EBITs, X-ray and EUV region spectra has been a subject of investigation. Therefore, in order to simulate and diagnose plasmas, accurate atomic data for different ionized barium ions, such as energy levels and transition rates, are required.
For Ba XLVI, atomic data available in the literature is limited to a few levels or transitions. Therefore, the aim of the present paper is to report data for a comparatively larger number of levels or transitions. In the present work, an extensive and highly accurate set of the energy levels, inverse radiative rates and wave-function composition for the lowest 162 fine structure levels belonging to the configurations (1s 2 2s 2 2p 6 ) nl (3 ≤ n ≤ 7; 0 ≤ l ≤ 4) and (1s 2 2s 2 2p 5 ) 3l3l
(l = 0, 1, 2; l = 0, 1, 2) has been reported for Ba XLVI. Furthermore, transitions wavelengths, oscillator strengths, line strengths and transition probabilities for E1, E2, M1 and M2 EUV and SXR transitions from the ground state of Ba XLVI are also presented. QED corrections due to vacuum polarization and self-energy effects and Breit correction due to the exchange of virtual photons between two electrons are fully considered. The present calculations may be beneficial for examining new data from fusion plasma and astrophysical sources.
A brief outline of the paper is as follows. The plausibility of the present theoretical method is provided in Section 2 and results are discussed in Sections 3 and 4. Finally, concluding remarks on the present work are given in Section 5.
Theoretical Methods

Multi Configuration Dirac-Fock Method
For performing these large-scale calculations, fully relativistic MCDF method revised by Norrington [25] formerly developed by Grant et al. [26] is applied. QED corrections due to self-energy and vacuum polarization effects and Breit corrections due to the exchange of virtual photons as a first order perturbation theory have also been considered. Since the elaborate depiction of this method has been presented elsewhere [25, [27] [28] [29] [30] , so only a brief outline is discussed here. The Dirac-Coulomb Hamiltonian in MCDF approach for an N-electron atom or ion can be written as follows
where H, the one-electron Hamiltonian is given by
In equation (2.2) first two terms signify kinetic energy of an electron and the last term represents the Coulomb potential of the nucleus. α and β are 4 × 4 Dirac matrices and c is the speed of light. The N electron wave function constructed from central-field Dirac orbitals is given by
where k is the Dirac angular quantum number, k = ±( j + 1/2) for l = j ± 1/2, so j = k − 1/2, m is the projection of the angular momentum j, and P nk and Q nk are large and small components of one electron radial functions. The spin angular momentum χ km (θ, φ) is a 2 component function defined by
An atomic state function (ASF) for N electron system constructed by the linear combination of n electronic configuration state functions (CSFs) is represented by
where C i (α) are the expansion mixing coefficients for each CSF and satisfy the relation
Such that ASFs satisfy the orthonormality condition. α represents the orbital occupation numbers, coupling, etc. and γ i (P J M) are CSFs which specify a particular state with a given parity and angular momentum (J, M).
In equation (2.6), the basis wave-functions are enlarged by considering the important correlations and relativistic effects. CSFs of particular parity P and symmetry have been generated by taking appropriate excitations from reference configurations to higher shells.
By taking expectation value of the Dirac-Hamiltonian, we get energy of the N-electron system as
The elements of Dirac Hamiltonian matrix H DC are given by
Using the condition of normalization
where I is the (n × n) unit matrix. Thus the predicted atomic energy level E P J M α can be taken to be eigenvalues of H DC .
FAC Calculations
To illustrate the accuracy of calculated results from MCDF, parallel calculations have also been carried out using fully relativistic configuration interaction method, based on self-consistent Dirac-Fock-Slater iteration performed on a selected fictitious mean configuration in order to derive the local central potential [31, 32] . In Flexible Atomic Code (FAC), the orbitals are optimized self consistently and the average energy of a fictitious mean configuration with orbital occupation numbers is minimized. Using FAC, larger calculations up to 2718 fine structure levels belonging to (2 * 8)3 * 1, 4 * 1, 5 * 1, 6 * 1, 7 * 1 and (2 * 7)3 * 2, 4 * 2, 3 * 1 4 * 1, 3 * 1 5 * 1 configurations have been performed. These results are listed in Table 2 .
Results and Discussion
Energy Levels
The basic procedure for the determination of accurate and complete atomic data, namely, energy levels, lifetimes, oscillator strength, etc. for highly stripped ions is configuration interaction. In the present work, the lowest 162 fine-structure levels for Ba XLVI are reported by performing Multi Configuration Dirac-Fock calculations up to 2718 levels. In these calculations, all the major correlations namely internal, semi-internal and external are incorporated. The configurations included are 2p 6 nl with 3 ≤ n ≤ 7 and 0 ≤ l ≤ 4, 2p 5 3l nl (3 ≤ n ≤ 5), 2p 5 4l nl (4 ≤ n ≤ 5), 2s2p 6 3l nl (3 ≤ n ≤ 4) and 2s2p 6 4l 4l . In Table 1 , the lowest 162 fine structure levels with the wave-functions composition in JJ and LSJ coupling under the column "composition" have been listed. In Table 1 Table 1 . Therefore, due to this mixing effect, definite recognition of levels is a very difficult task.
In Table 2 , energies in Ryd. for the lowest 162 fine-structure energy levels for Ba XLVI have been reported.Moreover, contribution of DC, Breit as well as QED corrections to total energy are also listed. It can be seen that QED corrections are comparable to Breit corrections for configurations due to single electron excitation. On the other hand, the effect of QED corrections is negligible in comparison to Breit corrections for other higher configurations. Hence, it can be concluded that QED corrections are significant for highly ionized high Z ions. Results from FAC are also presented in Table 2 . In Table 3 , comparisons have also been made between the energies calculated from MCDF and FAC for lowest 21 levels with the data compiled by NIST [33], Baik et al. [18] and Ivanov et al. [13] . The differences between experimental energy levels and the present MCDF/FAC ones are shown in Figure 1 . One can see that the results from both calculations (MCDF and FAC) are not only in good agreement with all available results but are also very close to NIST which ensures the credibility of presented results. 
Comparison of MCDF and NIST energies for Ba XLVI using Table 3 One can calculate the uncertainty in the energies of fine structure levels with observed level energies by the following relation
The maximum deviation between MCDF energies and energies compiled by NIST is 0.0497 Ryd. for level 2p
and this deviation and graphical comparison in Figure 1 shows that a good agreement is achieved with the NIST.
Radiative Data of EUV and SXR Transitions
Absorption oscillator strength ( f i j ) for a transition i → j is related to the radiative rate A ji (in s − 1) by the following expression
where m, c and e are the mass of electron, velocity of light and electron charge respectively. Also, λ ji is the transition wavelength in Å and ω j , ω i denotes statistical weights of the upper and lower levels, respectively. In Table 4 -7, the transition wavelength, radiative rate, oscillator strength and line strength for all E1, E2, M1 and M2 transitions from ground state among the lowest 162 levels of Ba XLVI have been presented. The results are presented only in the length form as the results in Babushkin gauge is assumed to be more accurate and precise as compared to that in Coulomb gauge [34] [35] [36] . The indices for the notation of lower level i and upper level j are mentioned in the first column of Table 1 .
A desirable but not a necessary condition to judge the accuracy of calculated radiative data is the agreement between length and velocity form of radiative data. Therefore velocity gauge/length gauge ratios of results of absorption oscillator strength for E1 and E2 transitions are listed in the last column of Table 4 and 5. From Table 4 and 5, one can see that in most of the cases, the ratio is exactly unity for some transitions such as 1-7, 1-8 etc. for E1 transitions and transitions number 9 and 10 for E2 transitions the ratios are far from unity due to the effect of internal cancellation in radiation transition integrals [37] . From Table 4 -7, we have identified 2 EUV and 79 SXR spectral lines in dipole transitions, 1 EUV and 84 SXR spectral lines in quadrupole transitions. In Figure 2 and 3, we have plotted gA spectra of E1, E2 and M1, M2 SXR transitions respectively. From Figure 2 , we predicted that gA is maximum for the E1 SXR transitions having wavelengths lying around 2.5 Å while for E2 transitions it lies around 2.6 Å and from Figure 3 , we observed that the value of gA is maximum for the M1 SXR transitions having wavelengths lying around 2.5 Å while for M2 transitions it lies below 2.7 Å. The actual value of peaks can be determined from Table 4-7. In Table 1 , inverse radiative rates for the lowest 162 fine-structure levels for Ba XLVI calculated by including all possible E1 (electric dipole), M1 (magnetic dipole), E2 (electric quadrupole) and M2 (magnetic quadrupole) transitions have been listed. As no calculations or measurements for lifetimes in Na-like Barium are available in the literature, therefore inverse radiative rates reported in the present paper will be beneficial for future comparisons.
Conclusion
Motivated by the need of accurate and large amount of atomic data, in the present work, the energy levels and inverse radiative rates for the lowest 162 fine structure levels belonging to the configurations 2p 6 3l (l=0-2), 2p 6 4l (l=0-3), 2p 6 5l (l=0-4), 2p 6 6l (l=0-4), 2p 6 7l (l=0-4), 2p 5 3l 2 (l=0,1), 2p 5 3s3p, 2p53s3d and 2p53p3d for Ba XLVI have been computed from MCDF method.
Moreover, we have presented the radiative data i.e. radiative rates, transition wavelengths, oscillator strengths and line strengths for E1 and M1 transitions from the ground state. Two calculations have been performed, using the GRASP and MCDF codes. A comparison has been made between the two sets of energy levels, as well as with the available NIST-compiled values, showing a satisfactory agreement in general. The vel/len ratio of oscillator strength reaffirms the accuracy of our calculations. Further, EUV and SXR spectral lines in dipole and quadrupole transitions have also been identified. Hopefully, work in the present paper is comprehensive and may be useful in the diagnosis and classification of EUV and SXR spectral lines. Moreover, the present wide range of data may be beneficial in fusion, astrophysical plasma and plasma modelling.
